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PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES: OPTIMIZED
GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH

We present the optimized version of the hybrid combined density functional theory (DFT) and the Green’s-functions
(GF) approach to quantitative treating the diatomic photoelectron spectra. The Fermi-liquid quasiparticle version of
the density functional theory is used. The density of states, which describe the vibrational structure in photoelectron
spectra, is defined with the use of combined DFT-GF approach and is well approximated by using only the first order
coupling constants in the optimized one-quasiparticle approximation. Using the combined DFT-GF approach leads to
significant simplification of the calculation and increasing an accuracy of theoretical prediction.

Introduction

In this paper we present the optimized version
of the hybrid combined density functional theory
(DFT) and the Green’s-functions (GF) approach
to quantitative treating the diatomic photoelec-
tron spectra..

The approach is based on the Green’s function
method (Cederbaum-Domske version) [11,12],
Fermi-liquid DFT formalism [1-8] and use of the
novel effective density functionals (see also [13-
16]). The density of states is well approximated
by using only the first order coupling constants
in the one-particle approximation. It is important
that the calculational procedure is significantly
simplified with using the quasiparticle DFT for-
malism. Thus quite simple method becomes
a powerful tool in interpreting the vibrational
structure of photoelectron spectra for different
molecular systems.

As usually (see details in refs. [1-12]), the
quantity which contains the information about
the ionization potentials (I.P.) and molecular vi-
brational structure due to quick ionization is the
density of occupied states:

N, (e) = (1/27) [ dte™ * (y Ja’ (0)a, (D]w,) » (1)

where |‘P0) is the exact ground state wave
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function of the reference molecule and

is an electron destruction operator, both in the
Heisenberg picture. Usually in order to calculate
the value (1) states for photon absorption one
should express the Hamiltonian of the molecule
in the second quantization formalism.

2. Theory: Density of states in one-body
and many-body solution
As usually, introducing a field operator

2

Hartree-Fock (HF)

@, (e are the one-particle HF energies and
f denotes the set of orbitals occupied in the HF
ground state; R  is the equilibrium geometry on
the HF level) and dimensionless normal coordi-
nates Q_one can write the standard Hamiltonian
as follows [2,11]:

with  the

one—particle functions
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where the index set v, means that at least

or and are unoccupied, v, that at most
one of the orbitals is unoccupied, and v, that

and or and are unoccupied. The

are the HF frequencies; , are destruction
and creation operators for vibrational quanta as

0, =(1/2)(b, +b)),

0180, = (1/2)(b, -b'). (4)

The interpretation of the above Hamiltonian
and an exact solution of the one-body HF prob-
lem is given in refs. [1,2,11,12]. The usual way
is to define the HF-single-particle component

of the Hamiltonian (4) is as in Refs. [11,12].
Correspondingly in the one-particle picture the
density of occupied states is given by
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In a diagrammatic method to get function

¢ one should calculate the GF
[1,2,11,12]:

, ° first
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can be found from the

o

and the function
relation

aN,(°)=al G, °—an , a=-sign’ 9)

Choosing the unperturbed Hamiltonian

to be Z ? one could define the

GF as follows:

Go. (1) =+5,,i exp[— n e, ¥ Ag)t]-

A 2 . A 2 (10)
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The direct method for calculation of N (€ ) as
the imaginary part of the GF includes a defini-
tion of the vertical I.P. (V.I.P.s) of the reference

molecule and then of N, (e) The zeros of the
functions

D, (e)= —[e” +Z(G)L , (11)

where (e@ +2)k denotes the k-th eigenvalue of
the diagonal matrix of the one-particle energies
added to matrix of the self-energy part, are the
negative V. I. P. ‘s for a given geometry. One
can write [2,11,12]:

(v.1P), =—(c, +F,),
1
F =% (-(V.IP.) )~ )
k k( ( )k) 1—ox, (ek)/ﬁe k(ek)
(12)
Expanding the ionic energy about the

equilibrium geometry of the reference molecule
in a power series of the normal coordinates of
this molecule leads to a set of linear equations in
the unknown normal coordinate shifts 60, and
new coupling constants are then:

~+(V2)ale, +F )00, (13)
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The coupling constants  and . are cal-
culated by the well-known perturbation expan-
sion of the self-energy part. In second order
one obtains:

2)() = ( ksij /cvt )ka/ ( ksij kw )ka
Zk() §€+€ 1 ej £€+e _E —e] (14)

and the coupling constant g, are written as [17]:
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(15)
The pole strength of the corresponding GF:

~
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Below we give another the definition of the
pole strength corresponding to V. 1. P.’s.

3. Fermi-liquid quasiparticle density func-
tional theory

The quasiparticle Fermi-liquid version of
the DFT [1-3,8,17] is used to determine the cou-
pling constants etc. The master equations can
be obtained on the basis of variational principle,
if we start from a Lagrangian of a molecule L,
It should be defined as a functional of quasipar-
ticle densities:

2

> v
2(7) Zn[ ’ ’ ]

The densities v, and v, are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an analog
in the HF or DFT theory and appears as result of
account for the energy dependence of the mass

(17)
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operator X. A Lagrangian L, can be written as
a sum of a free Lagrangian and Lagrangian of
interaction: L =1L, 0+ Lq’”’ where the interac-
tion Lagrangian is defined in the form, which is
characteristic for a standard DFT (as a sum of
the Coulomb and exchange-correlation terms),
however, it takes into account for the energy de-
pendence of a mass operator X :

Z [ B FGrimwi()ve(n)d (d

lk 0

(18)
where F is an effective potential of the exchange-
correlation interaction. The constants B, are de-
fined in Ref. [8,17]. The single used constant
B,, can be calculated by analytical way, but it
is very useful to remember its connection with a
spectroscopic factor F of the system [18]:

9y L
F, _{1 8ezk[ (V.I.P)k]} (19)

The terms o> @ and D is directly linked
[2,17]. In the terms of the Green function meth-
od expression (7) is in fact corresponding to
the pole strength of the Green’s function [2].
The new element of an approach is connected
with using the DFT correlation functional of the
Gunnarsson-Lundqvist, Lee-Yang-Parr (look
details in ref. [13-16]).
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3. Results and conclusions

In further calculation as potential Vi we use
the exchange-correlation pseudo-potential which
contains the correlation (Gunnarsson-Lundqvist)
potential and relativistic exchanger Kohn-Sham
one [40-42]. As example in table 1 we present
our calculational data for spectroscopic factors of
some atoms together with available experimental
data and results, obtained in the Hartree-Fock
theory plus random phase approximation. As
an object of studying we choose the diatomic
molecule of N, for application of the combined
Green’s function method and quasiparticle DFT
approach. The nitrogen molecule has been natu-
rally discussed in many papers. The valence V. 1.
P. of N, have been calculated [1,13,14,24] by the
method of Green’s functions and therefore the
pole strengths p, are known and the mean values



g, can be estimated. It should be reminded that
the N, molecule is the classical example where
the known Koopmans’ theorem (KT) even fails
in reproducing the sequence of the V. I. P. ‘s in
the PE spectrum. From the HF calculation of
Cade et al.[24] one finds that including reorga-

nization the V. I. P. ‘s assigned by  and

improve while for @ V. I. P. the good agreement
between the Koopmans value and the experimen-
tal one is lost, leading to the same sequence as
given by Koopmans’ theorem. In Table 1 the ex-
perimental V. L. P. ‘s (a), the one-particle HF en-
ergies (b), the V. L. P. ‘s calculated by Koopmans’
theorem plus the contribution of reorganization
(c), the V. I. P. ‘s calculated with Green’s func-
tions method (d), the combined Green functions
and DFT approach (e), the similar our results (f).

Table 1.

The experimental and calculated V. 1. P.

(in eV) of N, (R, is the contribution of
reorganization (see text)

Exp KT EKT | GF | MCEP
| e | et | e
3o, 156 | 17.24 | 16.37 | 1531 15.52
16.13
16.84
15.66
17,1698 16.73 | 16.73 | 16.80| 17.24
20,/ 1878 | 21.13 | 21.13 | 19.01| 18.56
Exp | GF+ | GF- GF- | This
Reorg. | All corr| DFT | work
30, 156 | 16.0 [15.50 15.52| 15.58
17,1698 | 15.7 [16.83 16.85| 16.93
20,/ 1878 19.9 ]18.59 18.63| 18.71

Besides, the comparisons are made in Table 1
with the multiconfigurational electron propaga-
tor method (MCEP) and extended KT (EKT)
theory (the extended KT has been implemented
using multiconfigurational self-consistent field
wave functions within different basis sets (I-IV)
[52], calculated with the GAMESS, HONDO,

and SIRIUS programs. The EKT ionization en-

ergies for the 3 and 1  are comparable
to the MCEP values. Note that our data are in
physically reasonable agreement with the best
theretixl values and experimental data. But the
most important point of all consideration is con-
nected the principal possibility to reproduce
diatomic spectra by applying a one-particle
theory with accounting for the correlation and
reorganization effects. The combined DFT-GF
theoretical approach can be prospectively used
for quantitative treating photoelectron spectra of
more complicated diatomic molecules.
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A. V. Ignatenko, A. V. Glushkov, Ya. I. Lepikh, A. S. Kvasikova

ADVANCED GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO
VIBRATIONAL STRUCTURE IN THE PHOTOELECTRON SPECTRA OF DIATOMIC
MOLECULE

Summary

We present the optimized version of the hybrid combined density functional theory (DFT) and
the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron spectra.
The Fermi-liquid quasiparticle version of the density functional theory is used. The density of
states, which describe the vibrational structure in photoelectron spectra, is defined with the use of
combined DFT-GF approach and is well approximated by using only the first order coupling con-
stants in the optimized one-quasiparticle approximation. Using the combined DFT-GF approach
leads to significant simplification of the calculation and increasing an accuracy of theoretical pre-
diction.

Key words: photoelectron spectra of molecules, Green’s functions, density functional theory
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PACS 33.20.-t

A. B. Henamenko, A. B. [iywxos, A. U. Jlenux, A. C. Keacuxosa

OBOBIIEHHBIN METO/J ®YHKIU I'PUHA U ®YHKIIMOHAJIA INIOTHOCTH
B OINIPEJIEJIEHUU KOJIEBATEJBHOM CTPYKTYPHI ®OTOJIEKTPOHHOI'O
CIIEKTPA JIBYXATOMHBIX MOJIEKY.JI

Pe3rome

MBI ipeicTaBIisieM ONTUMU3UPOBAHHYIO BEPCHIO THOPUIHON KOMOMHUPOBAHHOM T€OpHH (DYHK-
nuoHana tiotHoctd (DFT) m metona dynknuii ['puna (GF) ayis KonmmuecTBEHHOTO ONMMUCAHUS
(OTORNEKTPOHHBIX CIIEKTPOB JIBYXaTOMHBIX MOJIEKYIl. Mcnonb3yercs Monenb pepMu->KUIKOCTHAS
KBa3U4acTUYHasi Bepcusi TeOpuH (PyHKIIMOHANA MIIOTHOCTH. [IT0THOCTH COCTOSHUMN, KOTOPBIE OIH-
CBIBAIOT KOJIEOATEIbHYIO CTPYKTYPY B (POTOIIEKTPOHHBIX CHEKTPAX, ONMPEAEISETCS C MCIOIb30-
BanueMm komOuHupoBanHoro DFT-GF noaxona u gusnyecku pasyMHO anmpOKCHMHUPYETCS C HC-
MOJIb30BAaHUEM TOJIBKO MEPBOTO MOPSI/IKA KOHCTAHT CBSI3U B OJHOKBA3UYACTUYHOM MPHUOIMKEHUH.
Ucnonp3oBanne komOoumHUpoBanHoro DFT-GF moaxoja mpuBOIUT K 3HAYUTEILHOMY YITPOILICHUIO
MOJICKYJISIPHBIX PACUETOB U YBEJIIMYCHHUIO TOUHOCTH TEOPETUYECKOTO MPeCKa3aHusl.

KuroueBble ciioBa: HOTOIEKTPOHHBIN CIEKTP MOJIEKYJI, MeTo pyHKkIwmii [ puna, Teopus QpyHK-
[[MOHAJIA TUIOTHOCTHU

PACS 33.20.-t

I B. Ienamenxo, O. B. I nywkos, A. 1. Jlenix, I C. Keacuxosa

VIOCKOHAJIEHUI METO/I ®YHKIIIA I'PIHA 1 ®YHKIIOHAJY I'VCTUHH
Y BUSHAYEHHI BIBPAIIIHHOI CTPYKTYPU ®OTOEJEKTPOHHOI'O CHEKTPY
ABOATOMHHUX MOJIEKYJI

Pe3rome

Mu npencTaBisieMO ONTHMI30BaHy BEPCitO TOpUIHOT KOMOIHOBaHOT Teopii PyHKIIOHAY TyC-
tuan (DFT) 1 metony dynkmiit ['puna (I'®) 11t KUTBKICHOTO OMTUCY (POTOEICKTPOHHHUX CIIEKTPIB
JIBOXaTOMHHX MOJIEKYJI. BUKOpuCTOBY€ThCS (hepMi-piIMHHA KBa3i4YaCTHYHA BepCis Teopii PyHKIi0-
HaJIy T'yCTHHU. [ 'yCTHUHA CcTaHy, siIKa OMUCYE KOJIMBAJIbHY CTPYKTYPY B (POTOETEKTPOHHUX CIEKTPaX,
BHU3HAYA€ThCS 3 BUKOpUCTaHHAM KoMmOiHoBaHoro DFT-GF migxomy Ta ¢i3MuHO pO3yMHO arpok-
CUMYETBCS 32 JIOIOMOTOI0 TUIBKH MEPIIOTo MOPSAIKY KOHCTAHT 3B’SI3Ky B OJIHOKBA314aCTUHKOBO-
My HaOmmwkeHHi. Bukopucranus komOouaupoBanHoro DFT-GF moaxona npu3BoauTh 10 3HAYHOTO
CIPOIIEHHS MOJICKYISIPHUX OOYMCIICHB Ta 301IBIIICHHS TOYHOCT]I TEOPETUYHOTO MTPOTHO3YBaHHSI.

KurouoBi ciioBa: hoToenekTpoHHU CIIEKTp MOJIEKYI, MeToa pyHkIii [pina, Teopist pyHKITIO-
Haja 'yCTUHU
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